INTRODUCTION
In the United States, non-typhoidal salmonellosis is the number one foodborne illness that results in hospitalization and/or death, causing approximately 1 million illnesses, 19,000 hospitalizations, and 380 mortalities (CDC, 2012) . Although it has been recovered from a variety of foods, Salmonella is traditionally associated with raw and undercooked poultry, and thus is a major concern for poultry processors. Poultry, more specifically chicken, is a major vehicle for Salmonella (Foley et al., 2011; Painter et al., 2013) . Sold as either whole carcass, parts, or ground meat, broiler chickens are a multi-billion-dollar per year industry in the United States (USDA-NASS, 2013) .
In 2012, the U.S. Department of Agriculture (USDA) Food Safety Inspection Service (FSIS) conducted an 8-month Raw Chicken Parts Baseline Survey (RCPBS) to determine the prevalence of Salmonella on various raw chicken parts including not ready to eat (NRTE) comminuted poultry (USDA-FSIS, 2015a) . NRTE comminuted poultry includes raw ground chicken derived from chicken parts that have not been breaded or battered (USDA-FSIS, 2015b) . RCPBS found that 49% of NRTE comminuted chicken had tested positive for Salmonella. According to the USDA, C 2017 Poultry Science Association Inc. Received December 12, 2016. Accepted March 2, 2017. 1 Corresponding author: sparveen@umes.edu S. Typhimurium, S. Newport, S. Heidelberg, and S. Enteritidis are on the list of top 10 Salmonella serovars isolated from meat and poultry (USDA-FSIS, 2015c), and S. Typhimurium has been isolated from ground chicken (Fratamico, 2003; Whichard et al., 2007; White et al., 2001 ) along with S. Kentucky, S. Heidelberg, and S. Schwarzengrund (Schlosser et al., 2000) . RCPBS has prompted new proposed performance standards for NRTE comminuted chicken, which allows a maximum of 25% Salmonella positives (USDA-FSIS, 2015a) . Current antimicrobial methods utilized in the United States include immersion chilling coupled with chemical compounds, such as chlorine and various organic acids, as processing aids (USDA-FSIS, 2016) . Considering the proposed performance standards, alternative methods of pathogen control should be explored to reduce the level of Salmonella in NRTE ground chicken.
Bacteriophages are viruses that are specific obligate bacterial parasites and usually possess high specificity for one bacterial species. Generally, once the phage inserts its genome into the bacteria, it will use the bacteria's replicating machinery to produce more phages, which are released upon bacterial cell lysis. Lytic phages infect bacteria resulting in rapid host death with minimal chance of phage transduction (Monk et al., 2010) . There has been an increased use of lytic phages in agricultural research and application. The phages used for therapeutic purposes are usually strictly lytic, and this therapeutic use of phages to combat bacterial infections dates back to the early 20 th century. Phages were used to treat several enteric diseases, such as cholera and dysentery, as well as food and agricultural applications during the 1920s to 1940s (Harper et al., 2014) . With the advent and subsequent increase of synthetic antibiotics, the use of phage therapy saw a decline during the mid-1900s in the western hemisphere (Monk et al., 2010) . There has been a recent resurgence of interest with bacteriophage therapy, and many more recent studies exist that demonstrate the ability of bacteriophages to reduced pathogens on post-harvest agricultural commodities (Boyacioglu et al., 2013; Chibeu et al., 2013; Ferguson et al., 2013; Goode et al., 2003; Hooton et al., 2011; Hudson et al., 2013; Sharma et al., 2015; Spricigo et al., 2013; Sukumaran et al., 2016; Yeh et al., 2017) .
Several commercially available bacteriophages have been regarded as generally recognized as safe (GRAS) by the USDA-FSIS, including Salmonelex TM , a Salmonella-specific bacteriophage cocktail produced by Micreos, Inc. (Wageningen, Netherlands) . Information is limited about the bacteriophage inactivation of Salmonella considering the variables that should be accounted for during large-scale production in ground chicken using a commercially available bacteriophage. The aim of this study was to ascertain the effectiveness of commercially available bacteriophages during ground chicken production in regards to water source, Salmonella serotype, and time using Salmonella isolated from ground chicken (GC) and lab-based Salmonella (non-ground chicken or non-GC) isolates.
MATERIALS AND METHODS

Salmonella Serovars Used in This Study
Several Salmonella serovars were used to understand the bacteriophage host range, in the form of 2 cocktails: one with isolates obtained from GC and the other composed of laboratory isolates that were non-GC in origin. Salmonella isolated from commercially available ground chicken (GC) (S. Newport, S. Typhimurium, S. Thompson), as well as several strains (S. Heidelberg ATCC 8326, S. Enteritidis ATCC 13076, S. Typhimurium (Parveen et al. 2007) ) not isolated from ground chicken were used in this study. Prior to use, all isolates were characterized by agglutination serotyping at the USDA National Veterinary Services Laboratories (NVSL) in Ames, Iowa. All isolates were then made resistant to a minimum concentration of 25 μg/mL of nalidixic acid for selective purposes by spread plating isolates on gradually increasing concentrations of nalidixic acid. Both mutant and wild type growth curves were recorded with an optical density of 600 (OD 600) during incubation in Luria-Bertani (LB) broth (BD, Franklin Lakes, NJ) without antibiotics. Measurements were recorded until the cultures reached stationary phase.
Antibiotic Susceptibility Testing of Salmonella Isolates
All of the isolates used in this study were sent to the USDA-NVSL for antibiotic resistance determination after they were made resistant to nalidixic acid. A Sensititre TM gram-negative NARMS plate (Trek Diagnostic Systems, Independence, OH) was used, which is a type of minimal inhibitory concentration (MIC) test. The MIC ranges of the following antibiotics were tested: amikacin (0.5 to 64 μg/mL), amoxicillin/ clavulanic acid (0.5/1 to 16/32 μg/mL), ampicillin (1 to 32 μg/mL), cefoxitin (0.5 to 32 μg/mL), ceftiofur (0.12 to 8 μg/mL), ceftriaxone (0.25 to 64 μg/mL), chloramphenicol (2 to 32 μg/mL), ciprofloxacin (0.015 to 4 μg/mL), gentamicin (0.25 to 16 μg/mL), kanamycin (8 to 64 μg/mL), nalidixic acid (0.5 to 32 μg/mL), streptomycin (32 to 64 μg/mL), sulfisoxazole (16 to 256 μg/mL), tetracycline (4 to 32 μg/mL), trimethoprim/ sulfamethoxazole (0.12/2.238 to 4/76 μg/mL).
Water Analysis
Ammonia, nitrates, and mineral content were determined in the 2 different water types used in this study to dilute the bacteriophage prior to application: sterile tap water (stH 2 O) and sterile filtered water (sfH 2 O) that had undergone reverse-osmosis filtration. Both types of water were sterilized by autoclaving. Ammonia, as NH 3 , and nitrates were determined using (Lachat Instruments, Loveland, CO) QuikChem R 8500 Series 2 Flow Injection Analyzer System according to the QuikChem R salicylate-hypochlorite (10-107-06-2-A) and Cd reduction (10-107-01-1-A) methods. Water mineral contents were analyzed using inductively coupled plasma ( 
Sample Collection and Detection of Salmonella
Commercially available boneless, skinless chicken legs and thighs were obtained from a local, large-scale poultry processing facility. Samples were analyzed for Salmonella prior to use. Briefly, 325 g of the chicken pieces were removed from the batch and placed in individual sterile bags and submerged in 1,625 mL of sterile buffered peptone water (BPW). After being shaken vigorously for 1 min, meat and rinsate were incubated at 37
• C for 24 h (USDA-FSIS, 2014). Rinsate was sampled for the presence of Salmonella using BAX-PCR (DuPont Qualicon, Wilmington, DE), per the manufacturer's instructions. Screening was completed in quadruplicate per batch of chicken. Samples that tested positive for Salmonella were discarded and not used in the study. Samples that were Salmonella negative were stored at -20
• C until sampled. Rather than using naturally contaminated chicken, it was in the interest of this study to establish a baseline of bacteriophage reduction using artificially inoculated samples.
Sample Preparation and Salmonella Inoculation
The chicken was thawed by refrigeration until completely defrosted, and all thawed parts were trimmed to uniform size of approximately 50 cm 2 surface area. The chicken was allowed to dry under a sterile chemical hood for 20 min per side at room temperature to reduce any excess moisture that may have accumulated during freezing.
The Salmonella isolates used in this study were stored at -80
• C in 20% glycerol (Difco, Sparks, MD) and 80% LB broth. Overnight cultures of individual isolates were serial diluted to equal concentration in sterile LB broth. For each cocktail, equal volumes of each strain was combined in a sterile Falcon tube (BD). One milliliter was applied to each 50 cm 2 piece of meat (0.5 mL on the top and 0.5 mL on the bottom) to obtain a final concentration of ∼10 4 CFU/cm 2 . Samples were allowed to air dry under a sterile chemical hood for 20 min per side at room temperature to give the Salmonella time to attach to the surface of the chicken. The samples were then placed in the refrigerator until the surface temperature reaches 1-4
• C.
Bacteriophage Reduction of Salmonella
Salmonelex TM , a commercially available Salmonella specific bacteriophage cocktail, was obtained from Micreos Inc. and kept at 4
• C until used. Prior to each study, the bacteriophage titration was performed using a standard plaque assay to determine the start concentration. After titration, the bacteriophage was serial diluted in either sterile filtered water (sfH 2 O), that underwent reverse-osmosis filtration and was obtained from a regional poultry processor, or sterile tap water (stH 2 O), obtained from the same regional poultry processor. Both types of water were obtained prior to chlorination by the poultry processor. The diluted bacteriophage was applied to both sides of the Salmonella inoculated chicken to reach a final concentration that was suggested by the manufacturer (∼10 7 PFU/cm 2 ). The pH of the different water samples was assessed without the presence of the bacteriophage (Orion Star, Radnor, PA). The control group was spread with equal volumes of either sfH 2 O or stH 2 O water without the bacteriophage. Samples were then incubated at 4
• C for 30 min (the minimum phage inactivation time recommended by the manufacturer) or 8 h. After incubating for the specified amount of time, the chicken was ground using a benchtop grinder (Waring Laboratory Science, Winsted, CT).
After grinding, 25-g aliquots were placed in separate sterile bags and 225 mL of sterile BPW. The bags were stomached (Seward Laboratory Systems Inc., Davie, FL) at maximum speed for 1 min before sampling (USDA-FSIS, 2013). Immediately after stomaching, 12 mL of homogenate was centrifuged at 12,000 × g for 5 min and the supernatant containing any bacteriophage was removed prior to spread plating on XLT4 (Difco) in triplicate. The XLT4 was supplemented with 25 μg/mL of nalidixic acid. Samples were then incubated at 37
• C for 18 to 24 h and enumerated as CFU/cm 2 .
Statistical Analysis
All treatments were independently performed in quadruplicate using a randomized block design. IBM SPSS statistical software (Armonk, NY) was used to determine statistical significant differences between the treatments (P < 0.05) as well as pairwise comparisons with a 95% confidence interval.
RESULTS
Prior to beginning the study, all bacteria strains were first confirmed to be Salmonella. Two different Salmonella cocktails were used: a GC-cocktail and a non-GC cocktail. After characterization, all Salmonella serovars were made resistant to a minimum concentration of 25 μg/mL nalidixic acid for selective purposes. The growth rates of the nalidixic acid resistant strains were determined to be similar to the growth rates of their respective wild-type (P > 0.05) (results not shown).
All of the tested isolates were resistant to nalidixic acid (MIC > 32.0 μg/mL). Of the GC isolates, S. Typhimurium and S. Newport also had intermediate resistance to ciprofloxacin (MIC = 0.25 and 0.21 μg/mL, respectively), while S. Thompson was resistant to sulfisoxaxole (MIC > 256 μg/mL), tetracycline (MIC > 32.0 μg/mL), and had intermediate resistance to chloramphenicol (MIC = 16.0 μg/mL). The non-GC serovars also had varying patterns of antibiotic resistance. S. Typhimurium was resistant to: gentamicin (MIC > 16.0 μg/mL), streptomycin (MIC > 64.0 μg/mL), and sulfisoxazole (MIC > 256.0 μg/mL). S. Heidelberg ATCC 8326 was intermediately resistant to ciprofloxacin (MIC = 0.5 μg/mL), and S. Enteritidis ATCC 13076 was only resistant to nalidixic acid at the aforementioned concentration. 
Effects of Water Source on Salmonella Reduction
The results of the mineral analysis of the stH 2 O and the sfH 2 O are illustrated in Table 1 . Samples were analyzed in duplicate, and the averages were reported. The minerals mentioned in Section 2.3 of the methods that are not listed in Table 1 indicate that their levels were below the limit of detection for both samples and thus, were not included in the table. All of the minerals listed in Table 1 were present in the stH 2 O, albeit Na levels were higher than the set limit of detection, while the only minerals identified in sfH 2 O were K, Na, and Si.
Before each study, the bacteriophage concentration was confirmed to be at the manufacturer's guaranteed levels (results not shown). Table 2 shows the reduction of Salmonella based on the different water sources used to dilute the bacteriophage. It is not uncommon for poultry processors to use water filtration systems in lieu of tap water to minimize variations between processing locations. Considering this study was focused on the reduction of Salmonella in ground chicken, the GC-cocktail was used when testing the effects of water source. Salmonella cocktail was significantly reduced further when the bacteriophage was diluted in stH 2 O water compared to the results reported when the phage was diluted in sfH 2 O. The remaining Salmonella population after interacting with phage diluted in either stH 2 O and sfH 2 O was 3.61 Log CFU/cm 2 and 3.77 Log CFU/cm 2 , respectively. Control samples were not challenged with the bacteriophage, but with equal volumes of water. Based on these results, stH 2 O water was used for the duration of the study.
Bacteriophage Reduction of Different Salmonella Cocktails
It is not uncommon for studies to use target organisms that are not environmental isolates, but rather laboratory strains (Spricigo et al., 2013 , Hudson et al., 2013 , Hooton et al., 2011 , Goode et al., 2003 . One aspect of this study was to determine if there would be a difference in bacteriophage susceptibility between GC and non-GC Salmonella. Reduction of the 2 Salmonella cocktails by bacteriophage was determined after 30-min and 8-h treatments. Thirty minutes is the minimum interaction time required by the bacteriophage, according to the manufacturer, and 8 h is the maximum time to be practical in commercial poultry processing using 8-h shifts. The results show a greater reduction (P < 0.05) with the non-GC cocktail compared to the GC cocktail at both the 30-min and 8-h time points (Figure 1 ). Both cocktails experienced greater Log reductions (P < 0.05) after 8 h compared to their 30-min counterparts. After 30 min, there was a 0.39 Log CFU/cm 2 reduction and a 0.71 Log CFU/cm 2 reduction in the GC and non-GC cocktails, respectively, when compared to the control. Also, after 8 h, the non-GC isolates maintained the larger reduction (P < 0.05) with 0.90 Log CFU/cm 2 compared to the 0.67 Log CFU/cm 2 reduction observed with the GC cocktail.
Bacteriophage Reduction of Individual Serovars from the GC Cocktail
The isolates that comprised the GC cocktail were further investigated for their susceptibility to the bacteriophage cocktail and were individually tested with a bacteriophage interaction of 30 min and 8 h (Figure 2 ). More variation was detected after 30 min of interaction, with S. Thompson having the greatest reduction at 0.53 Log CFU/cm 2 , followed by S. Newport at 0.47 Log CFU/cm 2 and S. Typhimurium, which had the lowest reduction of 0.32 Log CFU/cm 2 . Interestingly, after 8 h there was little difference (P > 0.05) in the reduction levels between the 3 strains. Both S. Thompson and S. Newport were reduced by 0.77 Log CFU/cm 2 and S. Typhimurium experienced a 0.80 Log CFU/cm 2 reduction when compared to the control, even though it had the least amount of reduction after 30 min. 
DISCUSSIONS
Performance standards for Salmonella in poultry are becoming more stringent in the United States. In 2012, the USDA-FSIS reported an 8-month survey and analysis of raw chicken parts titled Nationwide Microbiological Baseline Data Collection Programs: Raw Chicken Parts Baseline Survey. Data from that survey showed a prevalence of 49% Salmonella in comminuted chicken. Since then, the USDA has proposed that compliance would consist of no more than 13 of 52 Salmonella-positive samples for NRTE comminuted chicken (USDA-FSIS, 2015a) . The U.S. Food and Drug Administration (FDA) recently reported Salmonella recovery in retail poultry is the lowest it has been since 2002, which can be attributed to improved manufacturing practices by poultry processors (FDA, 2016) . Currently, the poultry industry uses an assortment of organic acids (Ricke, 2003; Theron et al., 2010) , essential oils (Gutierrez et al., 2008; Gutierrez et al., 2009 ) and chlorines (FDA, 2007; USDA-FSIS, 2016 ) based interventions to mitigate the presence of pathogens. However, poultry processors must find alternative means to comply with these standards while meeting consumers' demands for wholesome, clean-label, and safe products that are readily available. Bacteriophages are proving to be a promising antibacterial intervention.
Bacteriophages are being utilized in various aspects of food production, and tailed bacteriophages were shown to maintain stability in adverse environmental conditions (Jończyk et al., 2011) , conditions that may be encountered during food processing. Types of water used to dilute bacteriophages is one of those conditions to be considered. Large poultry processors may have production plants located in different counties, regions, states, and/or countries. Water processing between facilities could be different based on plant location and sources of water. For instance, a facility located in one area may use filtered water, while a plant located in a different region may use the county's well water supply. The results of this study show that sterile tap water had a greater (P < 0.05) antibacterial effect when compared to sterile water that has undergone reverse-osmosis filtration. Bacteriophage inactivation can be caused by osmotic shock (Whitman and Marshall, 1971) , and diluting the bacteriophage in filtered water may have been rendered the bacteriophage less effective. This could have occurred when Salmonelex TM bacteriophages were transferred from their stock solution to the filtered water, which could cause some bacteriophage inactivation. Solution salt concentrations may affect the elastic and electrostatic pressure in the viral capsid that is required for injection of genetic information into a host (Evilevitch et al., 2008; Leibo and Mazur, 1966; Petrov et al., 2013) . Leibo and Mazur (1966) studied the effects of different osmotic pressures on the ability of bacteriophages T4D, T4B, and T4B 01 to inject their genetic material. All 3 bacteriophages are variations of E. coli specific T4 bacteriophage from the contractile tail having Myoviridae family. All 3 bacteriophages were inactivated when quickly transferred from a univalent salt concentration to a highly-diluted concentration, and the researchers of that study concluded that the concentration of the initial solution compared to the more dilute final solution effected bacteriophage inactivation. The levels of sodium and magnesium in this present study were below the limits of detection (Table 1) , and the literature has shown that the lack of divalent cations, especially Mg 2+ and Ca 2+ , negatively impact phage attachment because these 2 ions help stabilize the interaction of the viron and host cell wall receptors (Li and Zhang, 2014; Moldovan et al., 2007) . For example, when supplemented with 10 mM of calcium chloride, Li and Zhang (2014) observed a significant increase in Staphylococcus aureus-specific phage infection when compared to the control, and the lack of calcium ions (Ca 2+ ) negatively affected phage propagation and bacterial lysis after adsorption, according to Cvirkaitė-Krupovič et al. (2010) . The minimized bacteriophage activity could have been caused by the absence of calcium and magnesium ions present in the filtered water (Table 1) . However, future studies are needed to determine the virucidal and/or virostatic effect this specific sterile distilled water has on the Salmonelex TM bacteriophages. It is noteworthy that the bacteriophage was more effective in the sterile tap water even though the pH was slightly more alkaline than the sterile filtered water. The bacteriophages that comprise Salmonelex TM were able to survive a more alkaline environment. However, poultry processor should consider the pH of the water used in their facilities, because pH is another important factor that could reduce bacteriophage stability and thus its effectiveness (May et al., 2014) . Time is a limiting factor during poultry production where the goal is to produce a quality product that maintains desirable organoleptic properties at the time of retail. Chicken must be ground within hours of deboning, but the increase in surface area of chicken particles after grinding greatly reduces the likelihood of bacteriophage interacting with its host, thus grinding of the meat greatly reduces the efficacy of the bacteriophage and minimizes the chances of interactions between microorganisms and bacteriophages (Sharma et al., 2015) . Intralytix (Baltimore, MD), another company that sells bacteriophages for food protection, suggests applying the bacteriophage prior to grinding poultry and red meat for optimum bacterial control (Intralytix, 2014) . Reduction of bacteria by bacteriophage action will typically have to occur within several hours of application during production to maintain a wholesome product, however, the more time equates to greater susceptibility to phages. This study used 8 h as the maximum time for bacteriophage reduction, because to produce a wholesome product, processors may only be able to apply the bacteriophage for the durations of time. This study assumed a maximum time frame of an 8-h working shift for the phage to interact with the Salmonella before the chicken is ground and the phage is rendered ineffective. In this study, 8 h resulted in a reduced (P < 0.05) Salmonella populations compared to 30 min. This trend was maintained with both cocktails and when the individual isolates were tested. None of the reductions were greater than 1 Log within an 8-h incubation. Similar results were echoed by Sharma et al. (2015) . After 5-min incubation followed by grinding using bacteria and bacteriophage concentrations similar to this study, Sharma et al. (2015) reported insignificant reductions of S. Heidelberg in ground turkey, which was similar to Zinno et al. (2014) findings in minced chicken. However, with increased multiplicity of infection (MOI) and increasing reduction time to 48 h, Zinno et al. (2014) found a 2 Log CFU/g reduction. Similar to other studies, these findings suggest that poultry processors should find a compromise between time and reduction levels; too little time for the bacteriophage to work will result in too little reduction, and too much time could result in the loss of shelf-life and/or desirable organoleptic properties of the product.
Temperature is another consideration during processing. Hudson et al. (2013) applied E. coli specific phages to E. coli O157:H7 inoculated sides of beef during cold storage, mimicking the temperatures experienced during large-scale production. The researchers determined that phage inactivation of E. coli O157:H7 was based more on phage concentration and not on temperature. Although bacteriophages used in our study reduced Salmonella during cold storage (≤4
• C), that reduction did not reach 1 Log CFU/cm 2 for either Salmonella cocktail at either 30 min or 8 h. The results indicate that the use of bacteriophages, like the ones used in our study and by Hudson et al. (2013) , will likely not be effected by the cold temperatures at which poultry production facilities are typically maintained (0-4
• C). This study recovered several serovars of Salmonella from GC, and produced a GC-cocktail and compare them to a non-GC cocktail. A greater reduction (P < 0.05) was observed in the non-GC strains than the GC strains. This suggests the incorporation of environmentally isolated pathogens should be considered when conducting bacteriophage studies. As previously mentioned, it is not uncommon for studies to use laboratory Salmonella isolates that may or may not have been isolated from poultry. These findings suggest that results could differ depending on bacterial isolates used and the host range of the bacteriophage. More importantly, the effectiveness of commercially available bacteriophages may not be consistent if the host range of the bacteriophage does not encompass the bacteria, in this case Salmonella, that could be encountered during production.
Bacteriophage reduction does not depend on antibiotic resistance profile of its target organism (Burrowes et al., 2011; Chan et al., 2013; Kesselheim and Outterson, 2010) . The Salmonella isolates in the GC cocktail had different antibiotic resistance profiles. Although the reduction between isolates was greater (P < 0.05) after 30 min, after 8 h the reduction between isolates were similar (P > 0.05). Reduction of the GC isolates was independent of antimicrobial resistance. Reduction of these isolates was independent of antibiotic resistance. Bacteriophage reduction is most likely caused by the amount and density of the bacteriophage receptors in the bacterial cell wall (Rakhuba et al., 2010) as well as the bacteriophage concentration. Goode et al. (2003) showed increased reduction of S. Enteritidis was optimal at MOI of 100-1,000, and these results were echoed by Sharma et al. (2015) , who tested 3 different Salmonella serovars against a commercially available bacteriophage, and they showed optimal reduction at an increased MOI of 10,000. It is noteworthy that the abovementioned studies applied bacteriophage to a single serovar of Salmonella at a time.
In conclusion, the Salmonella bacteriophage (Salmonelex TM ) used in our study was able to reduce Salmonella populations in ground chicken production, however, a 1.0 Log reduction was not accomplished within 8-h. Greater bacterial reductions could be achieved if incorporated in conjunction with the antimicrobial interventions currently used in the poultry industry. Prior to implementing bacteriophages into production, poultry processors should take several limiting factors into consideration, such as: the type of water used in their facilities, time, and the bacteriophage's host range. Future directions of this project will be to run full scale trials that would incorporate the use of other antibiotic interventions with naturally contaminated Salmonella loads. This will help determine the full effects that commercially available bacteriophages have on reducing Salmonella loads.
